Gamma secretase is a multi-subunit complex with aspartic intramembrane protease activity that is involved in the pathogenesis of Alzheimer's disease in humans. In Arabidopsis thaliana, γ-secretase subunits are localized to endomembrane system compartments and interact with each other in a similar manner to their human counterparts. Here, we identified the protein partners of two plant γ-secretase subunits, presenilin 2 and PEN-2, by tandem affinity purification and co-immunoprecipitation, respectively. Integral membrane proteins were found to interact with presenilin 2, whereas secreted proteins were found to interact with PEN-2. Microscopy screening revealed that the reticulon family protein, RTNLB1, and two single transmembrane domain proteins, TIR-X and the phytolongin PHYL1.1, interact with presenilins. Finally, we show that RTNLB1 interacts with TIR-X. These results represent a step toward elucidating the functions of γ-secretase subunits in plant cells.
Introduction
Intramembrane-cleaving proteases (I-CLiPs) include metalloproteases, serine proteases, and aspartic proteases. Signal peptide proteases (SPP) and presenilins are representative aspartic intramembrane proteases. Presenilins maintain the activity of the γ-secretase complex, which is involved in the pathogenesis of Alzheimer's disease (Parent and Thinakaran 2010) . In mammalian cells, the basic γ-secretase subunits include four integral membrane proteins: presenilin 1 (Ps1) or presenilin 2 (Ps2), APH-1a or APH-1b, PEN-2, and nicastrin (Nct) (Fraering et al. 2004; De Strooper and Annaert 2010; Gertsik et al. 2015; Sun et al. 2015) . Presenilin comprises the catalytic core of the γ-secretase complex, and the GXGD and YD motifs in the seventh transmembrane domain (TMD) of presenilin are crucial for its proteolytic activity. The modes of substrate processing and the functions of the presenilin 1 and presenilin 2 complexes are somewhat different (Meckler and Checler 2016; Yonemura et al. 2016; Stanga et al. 2017) . There are many known substrates of γ-secretase, including an amyloid precursor protein (APP), cadherins, interleukin receptor 1, Notch receptor, and ligands of Notch receptor (McCarthy et al. 2009; Haapasalo and Kovacs 2011; Wężyk and Żekanowski 2017) . In addition to their γ-secretase activity, presenilins maintain cell calcium homeostasis via an independent mechanism (Zhang et al. 2010; Kuo et al. 2015; Lee et al. 2015) .
Homologs of mammalian presenilins and other γ-secretase subunits have been investigated in the methanogen Methanoculleus marisnigri, the slime mold Dictyostelium discoideum, the moss Physcomitrella patens, and the model plant Arabidopsis thaliana (Ponting et al. 2002; Khandelwal et al. 2007; McMains et al. 2010; Torres-Arancivia et al. 2010; Smolarkiewicz et al. 2014) . In archaea (M. marisnigri), the proteolytic activity of the presenilin homolog PSH is similar to that of human γ-secretase (Dang et al. 2015) . γ-Secretase activity has been reported in D. discoideum, and the processing of human APP in this organism has been found to depend on presenilin and nicastrin (McMains et al. 2010) . Moreover, in D. discoideum, presenilin is indispensable for effective phagocytosis and development, both of which depend on the non-proteolytic activity of presenilin (McMains et al. 2010; Ludtmann et al. 2014) . A P. patens (moss) mutant lacking the only functional presenilin found in this species displays pleiotropic phenotypes caused by cytoskeleton dysfunction, which occurs in a γ-secretase-independent manner (Khandelwal et al. 2007 ). Introducing P. patens presenilin into MEF PSDKO (Mouse Embryonic Fibroblast Presenilin Double Knockout) compensated only for PSDKO abnormalities related to γ-secretase-independent functions (Khandelwal et al. 2007 ). Interestingly, human presenilin 1 was able to complement the presenilin-knockout phenotype in P. patens, even when this human protein was inactivated by mutation (Khandelwal et al. 2007) .
In seed plants, homologs of γ-secretase subunits exhibit partial amino acid sequence conservation with human proteins (Ponting et al. 2002; Smolarkiewicz et al. 2014) . Two presenilin genes were found in the A. thaliana genome (Ps1: AT1G08700, Ps2: AT2G29900), as well as APH-1 (AT2G31440), PEN-2 (AT5G09310), and nicastrin (AT3G52640). In proteomic studies, Ps1 was identified as a trans-Golgi network (TGN) protein, whereas nicastrin was shown to be a plasma membrane protein (Groen et al. 2014; Jones et al. 2014 ). Microscopy analysis revealed that A. thaliana γ-secretase is primarily localized to the TGN and prevacuolar compartment (PVC) (Smolarkiewicz et al. 2014) . Discrepancies in localization data possibly could be a result of complex assembling that occurs, at least in mammals, in different cellular subcompartments (Dries and Yu 2008) . Moreover, direct interactions between homologs of γ-secretase subunits have been identified in A. thaliana: presenilins interact with APH-1, PEN-2, and Nct; APH-1 also interacts with Nct; and PEN-2 also interacts with nicastrin (Smolarkiewicz et al. 2014) .
These results strongly suggest that γ-secretase complexes are abundant in A. thaliana. However, γ-secretase activity has not been investigated in plants, and the entire complex has yet to be isolated. Mutated PEN-2 N74L exhibits an altered localization and is unable to interact with presenilin 2. Moreover, PEN-2 affects the localization of Ps1 and Nct, and is localized to the TGN/PVC. All of these findings suggest that PEN-2 is involved in protein trafficking (Smolarkiewicz et al. 2014) . Furthermore, ps1/ps2 plants exhibit accelerated chlorosis upon dark treatment, likely due to impaired autophagy (Smolarkiewicz et al. 2014) .
Here, we investigated the proteins that interact with γ-secretase subunits in A. thaliana. We used tandem affinity purification (TAP) and co-immunoprecipitation analysis to identify the interacting proteins of presenilin 2 and PEN-2, respectively. Some of the interactions were verified by FRET-FLIM. We identified a TIR domain-containing protein, as well as RTNLB1 and a SNARE-like 'phytolongin' protein, as γ-secretase subunit partners. Finally, we showed that the subcellular localization of human presenilin 1 in plant protoplasts was the same as that of A. thaliana presenilin 1. Our findings shed light on the functions of presenilins and γ-secretase in plants.
Results

Identification of presenilin-interacting proteins
We identified presenilin 2-interacting proteins by tandem affinity purification (TAP) of Ps2:CGSrhino from PSB-D Arabidopsis root cell cultures. Of the proteins detected by MS, seven were categorized as presenilin-2-interacting proteins (Table 1) . Five of these seven proteins are integral membrane proteins: two reticulon family proteins, two Endomembrane protein 70 (EMP70) family proteins, and dihydroflavonol 4-reductase. Reticulons are involved in shaping the ER, establishing plasmodesmata, and FLS2 trafficking (Lee et al. 2011 (Lee et al. , 2013 Knox et al. 2015; Verena Kriechbaumer et al. 2015) . The roles of TMN/EMP70 (TM9-type membrane) proteins in plants have not yet been elucidated. However, the targeting of EMP12 (TMN1) to the Golgi has been extensively studied; both microscopy and proteomic analysis have shown that EMP12 and other EMP70 proteins are Golgi/trans-Golgi proteins, as are presenilins (Nikolovski et al. 2012 (Nikolovski et al. , 2014 Parsons et al. 2012; Gao et al. 2012; Groen et al. 2014; Smolarkiewicz et al. 2014) . Two soluble RNA-binding proteins with RRM/RBP/RNP motifs were also identified as Ps2-interacting proteins.We then subjected most of the identified proteins to colocalization and FRET-FLIM analyses to verify their interactions with presenilins (Figs. 1, 2 ). Colocalization and FRET-FLIM analysis demonstrated that RTNLB1 colocalizes and interacts with presenilins ( Fig. 1; Table 2 ). No interaction with presenilins was confirmed for the other proteins. However, we detected colocalization (Table 2 ) of presenilins and TMN8, presenilin 1, as well as presenilins and dihydroflavonol 4-reductase/ flavonone protein ( Fig. 2a-d ). RBP45C and Ps2:GFP were found to be localized to distinct subcellular compartments (Fig. 2f) . Moreover, presenilin-interacting RTNLB1 colocalize with TMN8, but also no interaction was shown ( Fig. 1d ; Table 2 ).
Identification of PEN-2-interacting proteins
PEN-2:GFP was immunoprecipitated from 35S:PEN-2:GFP A. thaliana cells using an agarose slurry linked to anti-GFP camelid antibodies (GFP-Trap, Chromotek). Five Co-IP replicates were performed using different samples. Identified proteins that were present in the negative control (Co-IP from WT plants) and ribosomal/plastid proteins were subtracted from the result list. Proteins that are co-immunoprecipitated with PEN-2 were different from those identified as interacting with Ps2 via TAP-MS (Tables 1, 3 ). The presence of BIP1 within the list of PEN-2-interacting proteins might result from the overexpression of this integral membrane protein, which might induce the chaperone activity of BIP1. Half of the identified proteins are secreted proteins (AT1G17860, AT5G48540, AT5G63800, AT5G03350). This result suggests that PEN-2 functions in protein trafficking, as previously suggested (Smolarkiewicz et al. 2014 ).
Presenilins interact with TIR-X and R-SNARE proteins
Human cells lack substrates with an amino acid motif that is specific for γ-secretase-catalyzed cleavage. However, most animal substrates are type I membrane proteins whose ectodomains must be shed prior to cleavage (Lichtenthaler et al. 2011) . To date, no substrate of plant γ-secretase has been identified. Moreover, there are no plant homologs for the most important human γ-secretase substrates, such as APP, cadherins, and Notch receptor. The receptor-like kinase CRINKLY4 (ACR4) was thought to be an Arabidopsis γ-secretase substrate, but this has not been proven experimentally (Walker 2009 ). We verified several potential plant γ-secretase substrates with single and multiple TMDs, and tested whether they interact with presenilins (data not shown). Proteins that directly interact with presenilin and have a single TMD would represent strong candidates for plant γ-secretase substrates. Two proteins, TIRP and Phyl1.1, were identified by confocal microscopy-based screening as presenilin-interacting proteins.
In mammals, presenilin 1 interacts with interleukin-1 receptor type 1, a Toll-like receptor with a characteristic TIR (Toll-IL-1 receptor) domain (Elzinga et al. 2009 ). Plant Swiderski et al. 2009; Zhang et al. 2017) . TIRP is a small TIR-X family protein (23.5 kDa) with an N-terminal TIR domain and a single TMD ( Fig. 3 ) (Meyers et al. 2002; Nandety et al. 2013) . Consensus motifs of the TIR domain were found within the N-terminal fragment of TIRP (Fig. 3) . In Arabidopsis protoplasts, TIRP:GFP colocalized with γ-secretase subunits as well as NIP1;1, which was used as an ER marker (Fig. 4) . Moreover, FRET-FLIM analysis showed that presenilins, APH-1, PEN-2, and RTNLB1 directly interact with TIRP (Table 2) . In mammalian cells, presenilin 1 interacts with the SNARE proteins Syntaxin 1A and Syntaxin 5 (Smith et al. 2000; Suga et al. 2004 ). Moreover, Golgi stress and the upregulation of Syntaxin 5 are associated with a reduction in APP processing (Suga et al. 2015) . PHYL1.1 belongs to a plant-specific group of R-SNARE proteins named 'phytolongins'. These proteins lack a canonical SNARE motif, which was replaced by a longer domain known as the 'Phyl domain'. PHYL1.1 localized to the plasma membrane, Golgi bodies, and post-Golgi compartments when expressed in N. benthamiana epidermal cells (De Marcos Lousa et al. 2016) . The similar expression patterns of Phyl2.1, Phyl2.2, and RTNLB11 are thought to be a consequence of their common involvement in ER-PM interactions (De Marcos Lousa et al. 2016) . In protoplasts, PHYL1.1:GFP colocalized with presenilins ( Fig. 5 ; Table 2 ). FRET-FLIM confirmed direct interactions between PHYL1.1, and both Ps1 and Ps2 (FRET Eff = 14-16%; Table 2 ). No interaction was detected between PHYL1.1:GFP and PEN-2:RFP. PHYL1.1 is a potential plant γ-secretase substrate, as it contains a single TMD and can interact with presenilins. When co-expressed in protoplasts, RTNLB1:RFP and PHYL1.1:GFP were observed in different subcellular compartments (Fig. 5d) . On the other hand, Phyl1.1 colocalizes with TIRP, but no direct interaction was revealed ( Fig. 5e ; Table 2 ).
Both the N-and C-terminal fragments of TIRP interact with presenilins
We investigated whether the presence of the N-terminal fragment of TIRP lacking TMD (TIRPΔTMD) is sufficient for establishing the presenilin-TIRP interaction. TIRPΔTMD:GFP colocalized with Ps1:RFP, but in some cases, these proteins were spatially separated (Fig. 6b) . In two-thirds of co-transformed protoplasts, their colocalization was detected (65%, n = 50; Fig. 6a ). Such differentiation was not observed for TIRP/Ps1: colocalization was observed in every co-transformed protoplast. FRET-FLIM analysis of the TIRPΔTMD:GFP-Ps1:RFP interaction showed that these molecules directly interact with each other (Table 2) . Hence, the transmembrane domain of TIRP is dispensable for establishing the TIRP-presenilin interaction, but the lack of the TMD in TIRP decreases the probability of TIRP and Ps1 colocalization.
However, the truncated TIRPΔTIR:GFP, which lacks the N-terminal fragment but possesses a TMD domain, interacted with Ps2:GFP and APH-1:GFP ( Fig. 6c-e ; Table 2 ). Colocalization was observed for TIRPΔTIR and PEN-2, but no interaction was detected between these proteins ( Fig. 6d ; Table 2 ). Therefore, the interaction of presenilins with TIRP involves both the intramembrane and TIR-domaincontaining fragments, pointing to strong physical interactions between TIRP and presenilins, as supported by the high FRET efficiency values (15-18%).
Overexpression of TIRP in N. benthamiana leads to cell death
The transient overexpression of various TIR-NBS and TIR-X genes in N. benthamiana leads to necrosis, a symptom of the hypersensitive response (Swiderski et al. 2009; Nandety et al. 2013) . Similarly, we found that the transient overexpression of TIRP resulted in necrosis at 3 days after inoculation (Fig. 7b) . We detected stronger necrotic effects in plants overexpressing TIRPΔTMD:GFP (Fig. 7a) and almost no effect in plants overexpressing Ps1:RFP (Fig. 7c ). The differences in phenotypic changes after TIRP and TIRPΔTMD:GFP overexpression were also visible at the cellular level: TIRP:GFP overexpression (Fig. 7d, e) led to slower formation of large cellular protein deposits than TIRPΔTMD:GFP overexpression (Fig. 7f) . Two days after transformation, TIRP:GFP was observed in reticular-like compartments (Fig. 7d) , and on the third day, large aggregates of this protein were detected (Fig. 7e) . Beginning on the second day after transformation, TIRPΔTMD:GFP was present in large aggregates (Fig. 7f) . Perhaps these aggregates formed due to processes triggered by oligomerization of the TIR domain, which is thought to be an important component of signaling related to effector-triggered immunity (Swiderski et al. 2009; Nishimura et al. 2017) . These phenotypic effects suggest that TIRP is involved in defense responses against pathogens in a similar manner to other TIR-X or TIR proteins (Nandety et al. 2013; Nishimura et al. 2017 ).
Presenilins do not interact with other TIR-NBS or TIR-X proteins
TIRP belongs to the TIR-X protein family, which is characterized by the presence of a TIR domain and the absence of both LRR and NBS domains (Meyers et al. 2002) . Both TNL (TIR-NBS-LRR) and TIR-NBS/TIR-X proteins are involved in immunological processes in plants (Swiderski et al. 2009; Bernoux et al. 2011; Nandety et al. 2013; Zhao et al. 2015; Nishimura et al. 2017 ). We, therefore, investigated whether other TIR-NBS and TIR-X proteins (TN10:GFP, TN11:GFP, TN21:GFP, TX21:GFP) also interact with presenilins. TIR-NBS and TIR-X were reported to be localized to membranes, the cytosol, or the nucleus (Nandety et al. 2013 ). When TN10:GFP and TN11:GFP were co-expressed with Ps1:RFP, they did not colocalize (Fig. 8a, b) . Also, no colocalization was observed when plasma membrane and cytoplasmic aggregates localized protein, TN21:GFP, was coexpressed with Ps2:RFP (Fig. 8c) . TX21:GFP and Ps2:RFP partially colocalized (Fig. 8d) . However, the poor condition of protoplasts expressing TX21:GFP precluded analysis of direct protein interactions by FRET-FLIM. The presenilin-TIRP interaction likely differentiates TIRP from other TIR-X proteins.
Presenilins are not responsible for FLS2 trafficking
FLS2 is a flagellin receptor that undergoes ligand-induced endocytosis in an ESCRT-I-dependent manner (Robatzek and Chinchilla 2006; Spallek et al. 2013) . In mammals, the γ-secretase complex is involved in regulating intracellular protein trafficking (Smolarkiewicz et al. 2013; Greenough 2016) . In A. thaliana, RTNLB1 and RTNLB2 are required for efficient trafficking of FLS2 to the plasma membrane. Moreover, reticulons directly interact with FLS2 (Lee et al. 2011) . We examined whether presenilins regulate RTNLB1/ RTNLB2-dependent FLS2 trafficking. No difference was observed between the localization of FLS2 in WT vs. ps1/ps2 protoplasts (Fig. 9a) . In both genotypes, the trafficking of FLS2:GFP to the plasma membrane was not disturbed, as was reported for FLS2:GFP in rtnlb1/rtnlb2 protoplasts (Lee et al. 2011) . To confirm that the trafficking of presenilin 1 depends on RTNLB1, we transformed bti1(rtnlb1) protoplasts with Ps1:GFP. We found that the trafficking of Ps1:GFP was not disturbed in the absence of RTNLB1 (Fig. 10 ). Expressing FLS2:GFP together with Ps1:RFP resulted in the partial colocalization of these proteins (Fig. 9b) . Nonetheless, although FLS2 interacts with RTNLB1, it does not interact with Ps2 (Table 2 ). These results demonstrate that presenilins are not responsible for RTNLB1/RTNLB2-dependent trafficking of FLS2. Moreover, the trafficking of presenilin 1 does not depend on RTNLB1.
A. thaliana presenilins do not form homodimers
Human presenilin 1 was shown to form homodimers in intact cells, but other methods of analysis gave different results (Herl et al. 2006; Midde et al. 2014; Naing et al. 2018) . Using FRET-FLIM, we examined whether Arabidopsis presenilins form homodimers in plant cells. FRET-FLIM analysis of the interactions of both Ps1:GFP/Ps1:RFP and Ps2:GFP/Ps2:RFP failed to demonstrate that plant presenilins form homodimers (Table 2 ). This result suggests that animal and plant γ-secretases differ in terms of their activity or ability to form passive Ca 2+ channels in the ER via presenilins (Midde et al. 2014) .
Human presenilin 1 is localized to the same subcellular compartments as Arabidopsis γ-secretase subunits in protoplasts
Both human and Arabidopsis presenilins contain conserved amino acid motifs that are crucial for human γ-secretase assembly and activity (Smolarkiewicz et al. 2014) . To investigate the functionality of human presenilin 1 (HsPs1) in plant cells, we expressed HsPs1 in protoplasts. HsPs1:GFP colocalized with Arabidopsis Ps1:RFP or PEN-2:RFP (Fig. 11) . We also detected colocalization of HsPs1 and both Arabidopsis Ps1:RFP and PEN-2:RFP, but no direct interaction between HsPs1 and PEN-2 was detected by FRET-FLIM (Table 2) . Hence, it is likely that human presenilin 1 cannot form an active γ-secretase in plant cells due to its inability to interact with Arabidopsis PEN-2. The phenotype of a presenilin-deficient P. patens mutant was successfully complemented by the expression of human presenilin 1 that had been inactivated by a mutation, suggesting that the non-catalytic function of presenilin likely plays a key role in plant development (Khandelwal et al. 2007 ). However, it appears that presenilins use evolutionarily conserved targeting mechanisms that enable non-native presenilin 1 to obtain the same subcellular localization as native presenilin 1.
Discussion
Plant presenilins of the γ-secretase complex are the leaststudied intramembrane proteases in plants (Adam 2013) . Preliminary experiments indicated that in A. thaliana the presenilins APH-1, PEN-2, and nicastrin are localized within the endomembrane system and that they interact with each other (Smolarkiewicz et al. 2014; Groen et al. 2014) . In mammals, the assembly of the γ-secretase complex is a multistep process involving additional proteins. No γ-secretase subunits (except baits) were detected in TAP-MS and coimmunoprecipitation experiments in plants, perhaps due to the use of single-gene overexpression systems. It is also possible that the assembly of the plant γ-secretase complex is developmentally regulated or induced by stress and that this complex might not occur ubiquitously in all plant tissues.
Here, we provided new data on the interactome of Arabidopsis γ-secretase subunits. The single TMD proteins TIRP and PHYL1.1, and the reticulon family protein, RTNLB1, were identified as presenilin partners. Moreover, TMN8 and dihydroflavonol 4-reductase/flavanone protein occupy the same subcellular compartment as presenilins. The single transmembrane domains of TIRP and PHYL1.1 should be considered to be potential substrates of γ-secretase. Moreover, a TMD is a feature that differentiates TIRP from TIR-NBS-LRR and from most other TIR-X proteins, as most plant TIR-domain proteins lack a TMD (Sanseverino and Ercolano 2012) . The closest TIRP homolog, TX14 (AT2G32140), a soluble protein, is thought to be involved in defense responses and salicylic acid signaling (Kato et al. 2014) . Arabidopsis plants overexpressing TX14 had a dwarf phenotype and increased expression of defense-related genes (Kato et al. 2014) . Other TIR-X-and TIR-NBS-overexpressing lines were characterized by enhanced tolerance to Pst DC3000 and Fusarium oxysporum infection, as well as elevated salicylic acid levels (Nandety et al. 2013 ). Similarly, the overexpression of various TIR-X and TIR-NBS genes in N. benthamiana triggered necrotic-like processes (Nandety et al. 2013) . Some TIR-X and TIR-NBS proteins were found to interact with effector proteins. Preliminary findings pointed to the likely involvement of TIR-NBS and TIR-X proteins in guard complexes that monitor pathogen Fig. 2 Expression of dihydroflavonol 4-reductase (FP), TMN8:GFP, and RBP45C in A. thaliana mesophyll protoplasts. Fluorescent signals of particular subunits fused with GFP are shown in green, and those of subunits fused with RFP are shown in red. Colocalization with γ-secretase subunits is shown in yellow (merged). Scale bars, 10 µm ◂ effector proteins (Nandety et al. 2013) . TIRP might integrate effector-triggered immunity with endomembrane proteins, such as presenilin or RTNLB1, which might influence the recognition of pathogen effectors or downstream signaling pathways.
In the current study, both TAP-MS and FRET-FLIM analyses indicated that Ps2 and RTNLB1 interact. We showed that RTNLB1 also interacts with presenilin 1. No interaction was detected between RTNLB1 and PEN-2, the smallest subunit of the γ-secretase complex in animals. Interestingly, mice overexpressing any of the native reticulon-encoding genes had reduced β-amyloid levels, although this was not likely due to a decrease in γ-secretase activity (Shi et al. 2009 ). In plants, reticulons are responsible for forming the tubular regions of the ER Tolley et al. 2010; Lee et al. 2013) . Additionally, reticulons regulate protein trafficking and immune responses in plants by remodeling the ER structure, forming plasma membrane-ER contact sites and desmotubules (Knox et al. 2015; Levy et al. 2015; Verena Kriechbaumer et al. 2015; Griffing et al. 2016) . Reticulons are also involved in other immune-related processes, such as FLS2 trafficking and interactions with the Agrobacterium protein VirB2 (Hwang and Gelvin 2004; Lee et al. 2011) . However, we demonstrated that presenilins, which regulate protein trafficking in mammals (Greenough 2016) , are not responsible for RTNLB1/RTNLB2-dependent FLS2 trafficking in Arabidopsis. It is possible that the . TMN8 colocalizes with presenilins, but no direct interaction was detected. In the current study, we did not demonstrate that TMN8 and RTNLB1 interact. In a proteomic study, EMP70 family proteins were identified together with Ps2 as trans-Golgi residents (Groen et al. 2014) . The functions of EMP70 proteins in plants are still elusive, although preliminary results suggest the involvement of A. thaliana EMP70 (TMN7) in regulating cellular Cu 2+ levels (Hegelund et al. 2010) . It is possible that these proteins are important for the proper functioning of the root elongation zone, which requires large amounts of Cu 2+ , or for immune responses (Hegelund et al. 2010) . The roles of the protein network involving EMP70, reticulons, TIRP, and γ-secretase subunits remain to be deciphered. Furthermore, little is known about the roles of PHYL1.1 (AT4G10170). PHYL1.1 expression is regulated by a conserved peptide encoded by a type II open reading frame upstream of the main open reading frame sequence (Ebina et al. 2015) . Phytolongins are R-SNARE proteins involved in membrane fusion. These proteins occupy different subcellular compartments. PHYL1.1 is localized to the plasma membrane, Golgi, and post-Golgi (De Marcos Lousa et al. 2016) . Presenilins, but not PEN-2, interact with PHYL1.1, suggesting that presenilins play specific roles in plant cells. Numerous studies have shown that mammalian presenilins have γ-secretase-independent functions (Smolarkiewicz et al. 2013) . PEN-2 is recruited to autophagosomes together with ATG8, suggesting that PEN-2 might be involved in autophagy. Autophagy is also associated Table 3 List of proteins that were co-immunoprecipitated with PEN-2:GFP from A. thaliana overexpressing PEN-2:GFP Localization of PEN-2 refers to results from PEN-2:GFP localization in protoplasts (Smolarkiewicz et al. 2014) Gene (Meyers et al. 1999) by Clustal Omega Fig. 4 Simultaneous expression of TIRP with γ-secretase subunits, RTNLB1, and ER marker NIP1;1 in A. thaliana mesophyll protoplasts. Fluorescent signals of particular subunits fused with GFP are shown in green, and those of subunits fused with RFP are shown in red. Colocalization of γ-secretase subunits is shown in yellow (merged). Scale bars, 10 µm with the establishment of disease resistance and the hypersensitive response (Hofius et al. 2011) . In an analysis of proteins that co-immunoprecipitated with PEN-2, a few (mostly secreted and ER) proteins were identified. One of these proteins was DGL1, which was also found to interact with RTNLB3 and RTNLB6 (Verena ). Although we still lack a full understanding of the roles of plant γ-secretase, in the current study, we obtained new molecular data about proteins that interact with two γ-secretase subunits in A. thaliana cells. These results provide preliminary information about the functional roles of plant γ-secretase. Nonetheless, the roles of plant γ-secretase, 
Materials and methods
Plant materials and cultivation
Arabidopsis thaliana ecotype Columbia (Col-0) was used as the wild type. The following T-DNA insertion lines were used: ps1/ps2 (Smolarkiewicz et al. 2014 ) and bti1 (SALK 069542C). Plants were grown in a Versatile Environmental Test Chamber MLR-350H (Sanyo) at 22 °C under a 16-h light/8-h dark cycle at 70% relative humidity (RH).
Nicotiana benthamiana was grown at 28 °C under a 16-h light/8-h dark cycle at 70% RH.
Vector construction
To amplify TIRP, ABRC clone S63497 was used. TIRDom was obtained by amplification of the sequence encoding the 200 N-terminal amino acids of TIRP, harboring a TIR domain but not a TMD. PHYL1.1 was amplified from ABRC clone U22726. TMN8/EMP1 and RBP45C were amplified from mRNA derived from root and rosette leaves, respectively. The dihydroflavonol 4-reductase gene was amplified from RNA isolated from flowers. The PCR products were cloned into pENTR/D-TOPO using a pENTR/D-TOPO Cloning Kit (Life Technologies) or by NotI/AscI-based 
Transient transformation
Transient expression assays were performed using protoplasts isolated from Arabidopsis mesophyll cells as previously described (Smolarkiewicz et al. 2014) . Agrobacterium tumefaciens GV3101 cells transformed with binary vectors from the pSITE series were cultivated overnight (4 mL, 28 °C, 180 rpm) in LB medium, centrifuged (4 °C, 6 min., 8000g), and resuspended in T buffer (100 mM MES pH 5,7; 100 mM MgCl 2 ; 150 µM acetosyringone) to OD 600 0.15-0.3. After 3 h of incubation with shaking (room temperature, 70 rpm), 1 mL of A. tumefaciens cells was injected into the epidermis of 4-week-old N. benthamiana leaves using a 2-mL syringe.
Microscopy
All images were obtained with a Nikon A1R confocal microscope. Protoplast images were acquired using Apo 40×/1.25 WI λS DIC N2, Plan Apo VC 60×/1.4 Oil DIC N2, or Plan Apo VC 100×/1.4 Oil DIC N2 objectives. For N. benthamiana imaging, a Plan Apo VC 20×/0.75 DIC N2 objective was used. EGFP fluorescence was excited with a 488-nm laser and captured using a 500-550-nm emission filter. mRFP and mCherry were excited with a 561-nm laser and captured using a 570-620-nm emission filter. A spectral detector was used to verify the fluorescence spectra of the fluorochromes. Colocalization was quantified as Pearson's correlation coefficient (PCE) for at least 20 independent protoplasts. Protein-protein interactions were analyzed by FRET-FLIM as described earlier (Smolarkiewicz et al. 2014) . Donor fluorescence was excited with a 485-nm Pulsed Diode Laser; PDL 800-D; 50 mHz. Picoquant's SymPhoTime 64 software was used for data analysis. Complete fluorescence lifetime decays were calculated per pixel for selected fragments and fitted using a double exponential decay model. Histograms were drawn based on data from protoplasts lacking a distinct peak of low lifetime signals (< 1 ns), which was considered to represent nonspecific signals coming from excited chloroplasts. FRET efficiency was calculated as FRET Eff = (1 − τDA/τD) × 100%, where τD is the fluorescence lifetime of the donor in the absence of acceptor and τDA is that of the donor in the presence of acceptor. The lifetime of free eGFP in A. thaliana mesophyll protoplasts was 2.49 ns, and the lifetime of eGFP in the presence of mRFP was 2.5 ns, which is equal to 0% FRET Eff and cut-off threshold. A shorter photon lifetime of the donor in the presence of acceptor would make the FRET Eff > 0%, indicating that the distance between the donor and acceptor 
SDS-PAGE and immunoblotting
Prior to loading, the centrifuged protoplasts were denaturated at 95 °C for 5 min in SB buffer (0.16 M Tris, pH 6.8, 7% SDS, 33% glycerol, and 2% β-mercaptoethanol).
Proteins were separated in a 10% polyacrylamide gel with 0.05% SDS. Semi-dry electrotransfer from gel to polyvinylidene fluoride (PVDF, Immobilon-P) was performed at 0.8 mA/cm 2 for 45 min. Anti-GFP antibody (Santa Cruz Biotechnologies, sc-9996) was used at a 1:1000 dilution in PBST (phosphate buffered saline with Tween® 20).
Peroxidase-conjugated secondary antibody was used at a 1:2500 dilution in PBST (Santa Cruz Biotechnologies, sc-2005).
PEN-2 immunoprecipitation
PEN-2:GFP was immunoprecipitated from the 35S:PEN-2:GFP overexpression line and from WT col-0 as a negative control. Leaves of 4-week-old A. thaliana plants were ground in liquid nitrogen, suspended in lysis buffer (10 mM Tris/Cl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, Protease Inhibitor Cocktail [Sigma-Aldrich], and 1% Nonidet P40), and incubated on ice for 30 min. After centrifugation (12,000g; 4 °C; 10 min.), the pellet was resuspended in dilution buffer (10 mM Tris/Cl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, and Protease Inhibitor . The protein extracts were incubated for 1 h at 4 °C with shaking (200 rpm) with agarose slurry linked to anti-GFP camelid antibodies (GFP-Trap, Chromotek) and washed with dilution buffer. Proteins were identified in a publicly available database by fragment ion analysis and peptide mass fingerprinting using MASCOT at the Mass Spectrometry Laboratory (Institute of Biochemistry and Biophysics, Polish Academy of Sciences, Warsaw) using standard protocols. Data sets were searched against the TAIR10 database using the following settings: tryptic peptides with one missed cleavage site, 20 ppm for peptides, and 0.6 Da for fragment ion mass tolerance. Proteins were reported as being successfully identified if their probability value was below 0.05 (P < 0.05). Only these hits that were present in at least three out of five biological replicates and were not present in any out of two negative controls were taken into account. Ribosomal, mitochondrial, plastids peptides, and hits with emPAI equal or lower than 0.05, were not placed on results list.
Tandem affinity purification
PSB-D cell culture and transformation, protein purification, and MS analysis were performed in Geert de Jaeger's laboratory as described previously (Van Leene et al. 2007 . Presenilin 2 with CGSrhino tag on its C-terminus was overexpressed in Arabidopsis PSB-D root cell cultures. The cells were solubilized with 1% digitonin, 1% Triton X-100, and 1% C12E8. Proteins purified with Ps2 were identified with an LTQ Orbitrap Velos mass spectrometer (Thermo Fisher Scientific) and searched against the TAIR10 database. The results were compared to known background proteins, annotated as background in previous TAP experiments in Geert de Jaeger's laboratory. These proteins were subtracted from the result list.
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